Abstract-The effective capacity (EC) has been recently established as a rigorous alternative to the classical Shannon's ergodic capacity since it accounts for the delay constraints imposed by future wireless applications and their impact on the overall system performance. This paper develops a novel unified approach for the EC analysis of dispersed spectrum cognitive radio (CR) with equal gain combining (EGC) and maximal ratio combining (MRC) diversity receivers over generalized fading channels under a maximum delay constraint. The mathematical formalism is validated with selected numerical and equivalent simulation performance evaluation results thus confirming the correctness of the proposed unified approach.
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I. INTRODUCTION
R EAL-time emerging applications such as voice over internet protocol (IP), interactive and multimedia streaming, interactive gaming, mobile TV and computing are largely delay-sensitive, which implies that the data will expire if it is not successfully delivered within a certain time frame. As such, an alternative quality of service (QoS) metric that is able to capture the end-to-end communication delay is required. Unfortunately, the conventional notion of Shannon or outage capacity cannot account for the delay aspect. The effective capacity (EC) was introduced in [1] as an alternative metric that quantifies the system performance under QoS limitation.
In recent years, cognitive radio (CR) has emerged as an important research topic because of its inherent operational ability to improve spectral efficiency of next generation wireless communication systems. Dispersed spectrum CR systems have recently attracted the attention of the research community as they can provide full frequency multiplexing and diversity [2] . Because of the fact that modern CR technologies take into account the dispersed nature of the heterogeneous spectrum bands, performance analysis of dispersed spectrum CR system operating is very important, since it can provide useful insights regarding the fundamental limits of wireless communication systems enhanced with CR capabilities [2] , [3] . Recently, the concept of EC has attracted the attention of the wireless research community for the performance analysis of single-and multiple-antenna communication systems [4] - [8] .
The EC of such systems has been dealt with in several research works, assuming either independent [4]- [6] or correlated [7] , [8] fading channels. Specifically, in [4] , the EC of multipleinput single-output (MISO) systems assuming independent Nakagami-m, Rice and generalized-K channels was addressed. In [5] and [6] , the EC of MISO systems assuming independent κ-µ and η-µ fading channels, respectively was investigated. In [8] , the EC of multiple-antenna systems operating in fading channels with correlation and keyholes has been considered. Finally, in [7] , infinite series representations of the EC of correlated Rice and Nakagami-m MISO fading channels have been derived.
It should be noted that the above mentioned approaches presented in [4] - [8] employ the so-called probability density function (PDF)-based approach, which requires knowledge of the PDF of the signal-to-noise ratio (SNR) at the receiver output. Recent wireless applications, however, have become increasingly sophisticated thus using more realistic channel models for performance evaluation purposes [9] . For fading scenarios modeled by generalized fading distributions (e.g, correlated generalized Rice/Nakagami-m [10] , generalized gamma (GG) [11] , α − κ − µ and α − η − µ [12] ), the PDF of the SNR at the receiver end is usually not available in a simple form. In such cases, the evaluation of the EC of wireless systems with L diversity branches using a PDF-based approach requires the computation of an L-fold integral. In general, this integration is tedious and computationally cumbersome even if the diversity branches are assumed to be mutually independent.
On the other hand, equal gain combining (EGC) is regarded as practical alternative to maximal ratio combining (MRC) as its performance is comparable to that of MRC but with lower implementation complexity. Nevertheless, to the best of our knowledge the EC of EGC receivers operating over generalize fading channels has not been considered in the open technical literature yet. This is mainly because of the inherent difficulty in obtaining simple, mathematically tractable expressions for the PDF of the sum of fading envelopes [13] . In addition, the results presented in previously published works, i.e. [4] - [8] are valid for only MRC diversity receivers and cannot be applied to the evaluation of the EC of EGC diversity receivers in a straightforward manner.
Motivated by the above, in this paper we propose a new moment generating function (MGF)-based approach for obtaining, in a unified way, the exact analysis of the EC of dispersed spectrum CR systems over generalized fading channels, with either MRC or EGC diversity reception. Although our analysis is general enough to accommodate all the well-known fading distributions available in the open technical literature, for performance evaluation purposes, we consider four generic channel fading models, namely arbitrary correlated generalized Rice/Nakagami-m, GG, α− κ− µ and α− η − µ. Note that the α−κ−µ and α−η−µ fading models have not been sufficiently considered for performance evaluation purposes yet, because of the rather complicated mathematical expression of their PDF. Therefore, very few works on performance analysis of wireless communication systems operating over such fading channels are available in the open technical literature. Two representative examples can be found in [14] , [15] . In addition to the above mentioned unified approach, the specific novel contributions of the paper are as follows:
• A novel, single integral expression for the EC of dispersed spectrum CR systems, with either MRC or EGC diversity reception, is deduced. This expression can be evaluated for a variety of fading distributions by means of standard numerical integration techniques; • Novel, computationally efficient, expressions for the MGF of GG, α − κ − µ and α − η − µ distributions are presented and the EC of dispersed spectrum CR system is evaluated for different values of their parameters. Such expressions are given as finite sums of exponentials or Bessel functions, avoid the use of Meijers' G-functions and allow for efficient performance evaluation of the system under consideration; • In order to get further insight into the effect of system parameters, such as delay constraints, fading, parameters and number of antennas, simple expressions for the EC of dispersed spectrum CR systems are deduced that become tight at low-and high-signal-to-noise ratios (SNR) regimes. The accuracy of the proposed analysis is substantiated with numerical results, accompanied with equivalent performance evaluation results obtained by means of Monte-Carlo simulations.
The rest of the paper is organized as follows. In Section II, the system and channel model is introduced along with a generic expression for the signal-to-noise (SNR) ratio and the EC. In Section III, an exact analytical expression for the EC using a unified MGF-based approach is developed, while Section IV presents generic asymptotic expressions for EC in high-and low-SNR regimes. Numerical results are provided in Section V, validating the proposed analysis. Finally, Section VI summarizes the paper and the main findings.
Notations: E · denotes expectation, f X (·) denotes the PDF of the random variable (RV) X, M X (·) denotes the MGF of the random variable X, II. SYSTEM MODEL Let us consider a dispersed spectrum CR in which secondary users (SUs) perform spectrum sensing to identify the available bands. Hereafter, opportunistic spectrum access is considered, where spectrum sensing and allocation are performed in order to determine the available bands and the bands that will be allocated to each user, respectively [2] , [17] . The considered system comprises L available frequency diversity bands with identical bandwidths. During the transmission phase, the transmitted signal is replicated L times in order to create frequency diversity. Each signal is transmitted over each fading channel and corrupted by additive white Gaussian noise (AWGN). At the receiver side, all the signals received from different channels are first co-phased and then weighted equally or weighted with the fading envelopes when EGC or MRC is employed, respectively. The weighted signals are then being summed to form the combined output.
The instantaneous signal-to-noise ratio (SNR), γ end , at the output of the diversity receiver can be generically expressed as [18, Eq. (2)]
where E s /N 0 is the SNR per symbol and R ℓ is the fading envelope at the ℓ-th branch, ∀ℓ ∈ {1, 2, . . . , L}. Moreover, (p, q) = (1, 2) for EGC whereas (p, q) = (2, 1) for MRC. As far as the queuing model is concerned, a simple first-input first-output (FIFO) buffer with constant arrival rate (source data rate) at the transmitter data link layer is considered. By considering ideal modulation and coding at the source physical layer, the service rate of the buffer will be equal to the instantaneous channel capacity. Therefore, using [8, Eq. (4)] and assuming that the transmitter sends uncorrelated circularly symmetric zero-mean complex Gaussian signals, the EC can be expressed as
where A θT B/ ln 2 represents a metric of delay constraint, with B denoting the bandwidth of the system, T the fading block length and θ the asymptotic decay-rate of the buffer occupancy. It is noted that a small value for θ corresponds to a slow decaying rate thus having less stringent QoS requirements, while a larger one refers to faster decaying rate and thus more stringent QoS requirements. By substituting (1) into (2), it becomes evident that the evaluation of the EC assuming arbitrarily distributed R ℓ with generalized correlation, involves the numerical evaluation of the following L-fold integral,
where f R ( R) is the joint PDF of the random vector R {R 1 , R 2 , . . . , R L }. Clearly, this expression becomes prohibitively complex even for small values of L. In fact, even beyond only three branches such an approach becomes computationally intractable and numerical results may not even converge. In order to solve this cumbersome statistical problem, a unified MGF-based approach for the numerical evaluation of R(θ) will be presented next that provides a generic single integral expression for the EC of EGC and MRC diversity combiners over arbitrarily correlated generalized fading channels.
III. THE PROPOSED MGF-BASED APPROACH

A. Main Result
In order to obtain a unified MGF-based approach for the evaluation of the EC, the following generic useful lemma is proved first.
Lemma. Let X be a positive RV with PDF f X (x) and MGF M X (u). Let also g(X) be a function of X for which it is assumed that the following inverse Laplace transform h(u) = L −1 {g(x); x; u} exists. Then, the expectation E g(X) can be expressed in terms of M X (u) as
Proof. By exploiting the definition of the MGF, i.e.,
thus completing the proof.
Based on the above lemma, a unified MGF-based approach for the evaluation of the EC of dispersed spectrum CR systems can be deduced as follows.
Proposition. The EC of a dispersed spectrum CR with L available frequency diversity bands over arbitrary not necessarily independent nor identically distributed fading channels can be expressed in terms of a single integral as
where
of the p-th exponent of the random vector R,
Proof. Let us define the RV X L ℓ=1 R p and the auxiliary
Then, by employing the previous lemma, the expectation of (1 + X q )
−A can be expressed as
By considering the identity [19, Eq. (8.4.2.5)]
and by employing [20, Eq. (3.38.1)] C q (u) can be deduced as (7) yielding (6), which completes the proof.
It is noted that (6) is valid for arbitrary and correlated fading channels, as long as the MGF of γ end exists. For the special case of uncorrelated R ℓ , the EC of the considered system can be readily evaluated by employing the following corollary.
Corollary. The EC of a dispersed spectrum CR with L independent diversity branches is deduced as
Proof. When independent branches are considered, M R p (K p,q u) can be expressed as the product of the
is readily obtained from (6) .
For the special cases of MRC and EGC diversity receivers, i.e. for q = 1 and 2, respectively, it can be shown that C q (u) can be expressed in terms of more familiar exponential and Bessel functions. Specifically, for q = 1, by employing [19 
Note that although in the context of this work C MRC q (u) was derived assuming MRC diversity receivers, it can be used for virtually any diversity scheme, such as selection diversity (SD) and generalized selection combining (GSC), as long as the MGF of γ end is readily available. For example, for selection diversity (SD), γ end can be expressed as γ end = max{R
. For these two diversity schemes, EC can be computed by employing (6) with C q (u) given by (10).
B. Computational Issues
In the case of MRC, the numerical evaluation of EC is rather straightforward because C MRC q (u) is a smooth and wellbehaved function. Specifically, EC can be evaluated numerically by employing a N -point Gauss-Chebyshev quadrature technique or standard built-in functions for numerical integration available in the most popular mathematical software packages, such as Matlab, Maple or Mathematica. In the case of EGC, however, the numerical evaluation of a Hankel transform is required. Such a problem can be considerably more difficult, since C EGC q (u) is oscillatory. Efficient methods for the numerical evaluation of the Hankel transform are available in [22] . Thus, the integrals in (6) are first expressed as
where u 0 = 0 and u k is the k-th zero of J A−1/2 (u), for k ≥ 1. The series in (12), however, is alternating so that a large number of terms may be required to achieve a sufficient numerical accuracy. Fortunately, by invoking a convergence acceleration algorithm this series can be transformed into another that converges faster. Such an algorithm is the socalled Epsilon algorithm [23] . The algorithm generates a twodimensional array called the ǫ-table with entries ǫ
where r is the column index and k the location down the column. At the initialization phase, the first column is set to zero as ǫ (k) −1 = 0, ∀k > 0 and the second column is set to the given partial sums s k of (12), i.e. ǫ
where N is the number of truncation terms. The remaining elements of the ǫ-table are deduced as
The even columns of the ǫ-table contain increasingly accurate estimates of the infinite series.
IV. ASYMPTOTIC ANALYSIS
In this section, the asymptotic EC performance of dispersed spectrum CR systems with MRC and EGC in the high-and low-SNR regimes is assessed. More specifically, a novel MGFbased approach for the evaluation of the EC in the high-SNR regime is first presented. The proposed approach provides useful insights as to the factors affecting EC performance in terms of the so-called high-SNR slope and high-SNR power offset [24] . Moreover, the low-SNR performance of the considered system is assessed in terms of the minimum normalized energy per information bit to reliably convey any positive rate and the wide-band slope [25] . It is underlined that the proposed asymptotic performance analysis in both the high-and low-SNR regimes is valid for all well-known fading distributions as long as MGF of R p , M R p (u), exists.
A. High-SNR Regime
Following a similar line of arguments as in [26] , it is first assumed that M R p (u) can be approximated for u → ∞ as
By substituting (14) into (6), and employing (10) and (11) along with [16, Eq. (6.561/14)] and the definition of the gamma function, asymptotic expressions for the EC of MRC and EGC diversity receivers, respectively, can be deduced as
and
As it can be observed, both asymptotic expressions are of the form
where S ∞ is the high-SNR slope, defined as
and L ∞ the high-SNR power offset defined as
Using (14), S ∞ and L ∞ can be straightforwardly obtained for any fading model in terms of C and d.
B. Low-SNR Regime
The low-SNR performance of the considered system can be assessed by using a second-order expansion of the EC around
whereṘ(0) andR(0) denote the first and second order derivatives of the EC with respect to the SNR Es N0 . As it was pointed out in [4] ,Ṙ(0) andR(0) are related to the minimum normalized energy per information bit to reliably convey any positive rate and the wide-band slope respectively [25] . For the case of QoS constraints, these metrics are defined respectively as [4, Eq. (19) ]
By employing [4, Eq. (22)],Ṙ(0) andR(0) can be respectively expressed asṘ
The expectations in (22) can be readily expressed in terms of
V. PERFORMANCE ANALYSIS AND DISCUSSION
In this section, the proposed analytical approach presented in the previous sections is employed to determine the EC of dispersed spectrum CR systems. More specifically, the following case studies are considered. i) CR systems operating over arbitrary correlated generalized fading, ii) CR systems operating over (i.i.d) generalized gamma (GG), iii) α − κ − µ and iv) α−η−µ fading. For all considered cases, in addition to the exact analysis, asymptotic performance evaluation results are also presented.
A. MRC over Arbitrarily Correlated Generalized Fading Channels
Considering generalized fading channels with arbitrary correlation, the instantaneous SNR at the output of the L-branch receiver is given as As an example, in Fig. 1 , the analytical EC performance of a dispersed spectrum CR system with L = 3 frequency bands in arbitrarily correlated generalized fading environments is illustrated for various values of µ and A. These results have been obtained using η = [0.25 exp(ıπ/4) 0.5 exp(ıπ/6) exp(ıπ/8)]
T and covariance matrix given by [10] : 
It is noted that the EC increases as µ increases or A decreases. In the same figure, equivalent Monte-Carlo computer simulated performance evaluation results have been obtained which perfectly match the analytical ones.
2) High-SNR Analysis:
The MGF of h 2 F in (25) when s → ∞ can be approximated as which is of the form presented in Section IV-A. Therefore using (15) we can obtain the high-SNR asymptotic EC under generalized fading with MRC diversity receiver.
In Fig. 2 , the exact analytical EC and high-SNR approximation of a dispersed spectrum CR system with L = 3 frequency bands and MRC, operating in correlated generalized fading channels, are depicted for various values of A. It is evident that the high-SNR approximation provides exact results, even at medium SNR values, and can thus accurately predict the respective EC. 
B. MRC or EGC over Uncorrelated Generalized Gamma Fading Channels
In this case, the PDF or R ℓ is given as [11] f R ℓ (r) =
where β > 0 and m > 1/2 are two parameters related to the average fading severity and Ω is related to the average fading
1) Exact Analysis:
For rational values of β, the MGF of R p ℓ can be obtained in terms of Meijer's G-function by using a similar line of arguments as in [30] . For arbitrary values of β, the MGF can be expressed in terms of the Fox's H-function by employing the approach presented in [31] . In what follows, a simple, computational efficient expression for the MGF of R p ℓ , valid for arbitrary values of β will be derived. By employing the definition of the MGF and performing the change of
The integral in (29) can be solved by employing a GaussChebyshev quadrature technique as
where w k and t k are the weights and abscissae given in [32] .
Figs. 3 and 4 depict the EC performance of dispersed spectrum CR systems with L = 3 frequency bands when either MRC or EGC is employed, respectively, for various values of A and fading parameters β and µ. It can be observed that there is a fine agreement between analytical and simulated results. Moreover, the EC performance improves as A decreases and β or µ increases. 2) High-SNR Analysis: Hereafter we consider the EGC case only, i.e. q = 2. By employing a Taylor series expansion of (28) at r = 0 one obtains
By invoking the definitions of the MGF and the gamma function, the MGF of R ℓ when u → ∞ can be approximated as
Then by employing (15) and (16) the high-SNR asymptotic EC performance under GG fading with EGC diversity can be readily deduced. In Fig. 5 , the exact analytical EC and high-SNR approximation of a dispersed spectrum CR system with L = 3 frequency bands and EGC over i.i.d. GG fading channels are depicted for various values of A. It is evident that the high-SNR approximation provides very tight results for high SNR values.
3) Low-SNR Analysis:
We consider hereafter the EGC case only. Then by combining (20) and (22)- (24) the low-SNR asymptotic EC under GG fading with EGC diversity can be readily deduced. In Fig. 6 , the exact analytical EC and low-SNR approximation of a dispersed spectrum CR system with L = 3 frequency bands and EGC over i.i.d. GG fading channels are depicted for various values of A. It is evident that the low-SNR approximation provides very tight results for low SNR values.
C. MRC or EGC over Uncorrelated α−κ−µ Fading Channels
The α − κ − µ is a very general fading model that includes as special cases several well-known distributions, namely the generalized gamma, the κ − µ, the Nakagami-m and the Rice distribution. In this case, the PDF of R ℓ is given by [12] f R ℓ (r) = ακ
where α, µ and κ ≥ 0 are the distribution parameters. 
where the weights w k and abscissae t k are given in [32] .
Figs. 7 and 8 depict the EC of a dispersed spectrum CR system with L = 3 frequency bands and MRC or EGC diversity reception, respectively, under i.i.d. α − κ − µ fading. As it can be observed, analytical and simulated results are in perfect agreement. Moreover, as expected, EC improves as A decreases and α, κ or µ increases. 2) High-SNR Analysis: Hereafter, the EGC case is considered, i.e. q = 2. By following a similar line of arguments as in the generalized gamma case, M R ℓ (u) when u → ∞ can be approximated as
Therefore using (15)- (16) asymptotically tight high-SNR expressions for the EC of the considered system can be readily deduced.
D. MRC or EGC over Uncorrelated α−η−µ Fading Channels
The α − η − µ distribution is a very general fading distribution that includes as special cases the generalized gamma, the η − µ, the Hoyt and the Nakagami-m distributions [12] . In this case, the PDF of R ℓ is given by [12] 
where η ≥ 0 .
1) Exact Analysis:
Following a similar methodology as in the previous test cases, a novel expression for the MGF of R p ℓ is deduced as 
Figs. 9 and 10 depict the EC of a dispersed spectrum CR system with L = 3 frequency bands and MRC or EGC, respectively, under α − η − µ fading. Again, numerically evaluated and computer simulation results are in perfect agreement. 
In Fig. 11 , the exact EC and high-SNR approximation of a dispersed spectrum CR system with L = 3 frequency bands and EGC i.i.d. α − η − µ fading channels are depicted for various values of A. It is evident that the high-SNR approximation provides exact results, even at moderate SNR values, and can thus accurately predict the respective effective rate.
VI. CONCLUSIONS
Real-time applications are quite delay-sensitive, requiring an alternative performance metric rather than the conventional Shannon or outage capacity. Lately, the effective capacity has attracted attention as a suitable metric quantifying end-to-end system performance under QoS limitations. In this paper a new moment generating function (MGF)-based approach for obtaining, in a unified way, the exact analysis of EC of a dispersed spectrum CR system with either MRC or EGC diversity reception was proposed. A unified MGF-based approach for the asymptotic analysis of EC at low-and high-SNR regions was also proposed thus providing useful insights regarding the factors affecting system performance. The validity of the proposed analytical approach was assessed by considered very generic channel fading models that describe wireless propagation in a more realistic manner than the conventional fading models. The accuracy of the proposed analysis was substantiated with numerical results, accompanied with equivalent performance evaluation results obtained by means of MonteCarlo simulations. 
